Targeted products from fast-hydropyrolysis and hydrodeoxygenation of biomass by Smith, Ian Tad
Purdue University
Purdue e-Pubs
Open Access Theses Theses and Dissertations
12-2015




Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Chemical Engineering Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation







TARGETED PRODUCTS FROM FAST-HYDROPYROLYSIS AND 
HYDRODEOXYGENATION OF BIOMASS 
A Thesis 




Ian T. Smith 
In Partial Fulfillment of the 
Requirements for the Degree 
of 
Master of Science in Chemical Engineering 
May 2016  
Purdue University 







I would like to thank everyone that made my journey in graduate school at Purdue 
possible.  Professor Fabio Ribeiro, Professor Rakesh Agrawal and Professor Nicholas 
Delgass for their guidance and patience during my time in their research group.   
I would like to thank all the other mentors and teachers I have had in my graduate school 
career for teaching me the ways of graduate school, science, and more: Amir 
Gharachorlou, Dmitry Zemlyanov, Vinod Kumar Venkatakrishnan, and John Degenstein. 
I would like to thank Jeff Valley, Nick Humphrey, and Yury Zvenevich for all of 
their help in during the relocation of the Cyclone Reactor due to renovations in Forney 
Hall of Chemical Engineering, and other equipment related expertise.  Without their help, 
the cyclone reactor would not be operational. 
I would like to thank Madhi Abu-Omar, Ian Kline and Trenton Parsell for samples from 
their Catalytic Depolymerization of Lignin process for use in the Cyclone Reactor. 
The members of the catalysis group also have my thanks for their discussions, 
help with equipment, and friendship.  I would like to specifically acknowledge Jamie 
Harris, Richard Caulkins, Mike Detwiler, Shane Bates, Yanran Cui, Ishant Khurana, 







The staff at the Department of Chemical Engineering have also been a great help 
to me over the years I have been here.  I would like to thank Corwin Green, Beverly 
Johnson, Katie Field and Deb Bowman for their guidance and help with scheduling and 
administrative issues.  I would like to thank Gabriela Nagy for help regarding lab safety 
and the safety of the Cyclone Reactor.   
I would like to thank Cristina Farmus, and Arun Giridhar for taking the initiative 
to start a Toastmasters club, Toastmasters at Purdue.  The club has been a vital part of my 
journey over the last year and has tremendously helped me to build my self-confidence.  I 
would also like to thank the members of Toastmasters at Purdue for the energy and 
enthusiasm they bring to the club.   
I would like to thank the funding sources for this research and all collaborators 
within the Center for Direct Catalytic Conversion of Biomass to Biofuels (C3Bio), an 
Energy Frontier Research Center funded by the U. S. Department of Energy (DOE), 
Office of Science, Basic Energy Sciences (BES), under awards number DE-SC0000997. 
I would like to thank the Purdue Bujinkan Yanagi Dojo members and teachers.  
Their training helped me through some of the toughest years of my life. 
Lastly and most importantly, I would like to thank my family.  My parents: Rodd 
and Celeste Smith.  The rest of the gang: Devon Boggs, William and Bethany Cobian, 
Danny, Jared Kuhn, James Gloudemans, Matt Keller, Tom, Anthony, Kohler, Rick, 
Mayo, Rohit, Arthur Dysart, Arthur Shih, Eric and Lauren King, Sammy and Tommy 







 TABLE OF CONTENTS  
Page 
LIST OF TABLES ............................................................................................................. vi 
LIST OF FIGURES ......................................................................................................... viii 
LIST OF ABBREVIATIONS ............................................................................................ ix 
ABSTRACT ........................................................................................................................ x 
CHAPTER 1. INTRODUCTION ................................................................................. 1 
1.1 Motivation ............................................................................................................ 1 
1.1.1 Fuel Scarcity ................................................................................................. 1 
1.1.2 Sustainability................................................................................................. 2 
1.2 Biomass Conversion Processes ............................................................................ 3 
1.2.1 Catalytic Conversion of Sugars .................................................................... 3 
1.2.2 Conversion of Sugars by Fermentation......................................................... 5 
1.2.3 Catalytic Conversion of Lignin ..................................................................... 6 
1.2.4 Biomass Gasification .................................................................................... 6 
1.2.5 Pyrolysis and Catalytic Upgrading of Bio-Oil .............................................. 8 
1.3 The H2Bioil Process ........................................................................................... 11 
1.4 Objectives ........................................................................................................... 13 
CHAPTER 2. Experimental Methods ......................................................................... 15 
2.1 The Cyclone Reactor .......................................................................................... 15 
2.2 Product Analysis ................................................................................................. 17 
2.3 Biomass and Model Compounds ........................................................................ 18 
CHAPTER 3. The Effect of Hydrogen Partial Pressure ............................................. 19 
3.1 Pyrolysis of Cellulose and Intact Biomass ......................................................... 19 







 3.2.1 Low Hydrogen Partial Pressure FHP and HDO of Cellulose ..................... 20 
3.2.2 Low Hydrogen Partial Pressure FHP and HDO of Intact Biomass ............ 22 
3.3 Discussion ........................................................................................................... 25
CHAPTER 4. Optimization of Operating Conditions for the H2Bioil Cyclone Reactor 
  ............................................................................................................. 27 
4.1 Overview ............................................................................................................ 27 
4.1.1 Note on the Independence of FHP and HDO Processes ............................. 27 
4.2 Effect of FHP and HDO Temperature ................................................................ 28 
4.3 Discussion ........................................................................................................... 31 
CHAPTER 5. Synergistic conversion of intact biomass into chemical and fuel products 
via catalytic depolymerization of lignin and the h2bioil process ..................................... 33 
5.1 Overview ............................................................................................................ 33 
5.2 Cyclone Reactor Experiments ............................................................................ 33 
5.3 Discussion ........................................................................................................... 35 
CHAPTER 6. Future Directions for Biomass Conversion to Liquid Fuels via the 
H2Bioil Process  ............................................................................................................. 38 
6.1 Optimization of H2Bioil Carbon Efficiency ...................................................... 38 
6.1.1 Optimization of Process Conditions ........................................................... 38 
6.1.2 Carbon-Carbon Bond Formation ................................................................ 39 
6.1.3 Reduction of Decarbonylation .................................................................... 40 
6.2 Investigation of Feedstock Effect on Process Performance ............................... 40 
REFERENCES ................................................................................................................. 42 
APPENDICES 
Appendix A Product Distributions from Cyclone Reactor Experiments ................. 46 
Appendix B Char and Liquid Phase Product Analysis ............................................ 50 
Appendix C Ultimate Analysis of Biomass Feedstocks .......................................... 51 






LIST OF TABLES 
Table .............................................................................................................................. Page 
Table 1: Normalized gas-phase product distributions of FHP and HDO of cellulose at 
high and low hydrogen partial pressure (Carbon %). ....................................................... 21 
Table 2: Normalized gas-phase product distributions from FHP and HDO of poplar at 
high and low hydrogen partial pressure (Carbon %). ....................................................... 24 
Table 3: Normalized gas-phase product distributions from FHP and HDO of miscanthus 
at high and low hydrogen partial pressure (Carbon %). ................................................... 24 
Table 4: Normalized gas-phase product distribution from FHP and HDO of poplar at high 
and low temperatures (Carbon %). ................................................................................... 31 
Table 5: Normalized gas-phase product distribution from FHP and HDO of poplar, with 
and without CDL process pretreatment (Carbon %)......................................................... 35 
Table 6: Summary of Experimental Conditions and Experiment Designations. .............. 46 
Table 7: General Product Distributions for Cyclone Reactor Experiments.  All values are 
in carbon % of biomass fed. .............................................................................................. 46 
Table 8: General Product Distribution for 717-Bark CDL Sample – Weighted to 43.9 
carbon %. .......................................................................................................................... 47 
Table 9: Detailed Gas Phase Product Distributions for Cyclone Reactor Experiments.  All 







Table .............................................................................................................................. Page 
 Table 10: Re-normalized Gas Phase Product Distributions from Cyclone Reactor 
Experiments.  All values in carbon % of gas phase products produced. .......................... 49 
Table 11: Aqueous Phase Product Analysis from Cyclone Reactor Experiments.  All 
values in weight percent.................................................................................................... 50 
Table 12: Elemental analysis of bio-char from cyclone reactor experiments. .................. 50 
Table 13: Elemental analysis of biomass feedstocks. ....................................................... 51 
Table 14: Flange torque levels.  All values in ft-lbs. ........................................................ 58 







LIST OF FIGURES 
Figure ............................................................................................................................. Page 
Figure 1: The H2Bioil Cyclone Reactor. .......................................................................... 16 
Figure 2: Product distributions from FHP and HDO of cellulose at 25 and 2.5 bar partial 
pressure of hydrogen. ........................................................................................................ 20 
Figure 3: Product distributions from FHP and HDO of NREL Poplar at 25 and 2.5 bar 
partial pressure of hydrogen. ............................................................................................. 22 
Figure 4: Product distributions from FHP and HDO of miscanthus at 25 and 2.5 bar 
partial pressure of hydrogen. ............................................................................................. 23 
Figure 5: Product distributions from FHP and HDO of NREL poplar at low and high 
temperatures. ..................................................................................................................... 29 
Figure 6: Product distributions from FHP and HDO of NREL poplar at low and high 
temperatures – gas phase products normalized as explained on page 29. ........................ 30 
Figure 7: Product distributions from FHP and HDO of NREL poplar, untreated and 
pretreated in CDL process. ............................................................................................... 34 
Figure 8: A new, clean cyclone reactor bolt. .................................................................... 55 
Figure 9: A properly lubricated cyclone reactor bolt. ....................................................... 55 
Figure 10: A properly aligned HDO reactor gasket. ......................................................... 56 







LIST OF ABBREVIATIONS 
 bbl Barrel 
 ege Ethanol Gallon Equivalent 
 FHP Fast-Hydropyrolysis 
 HDO Hydrodeoxygenation 
 DHE Dihydroeugenol 
 APR Aqueous Phase Reforming 
 CDL Catalytic Depolymerization of Lignin 
 TCD Thermal Conductivity Decector 
 FID Flame Ionization Detector 
 MFC Mass Flow Controller 











Smith, Ian T. M.S., Purdue University, May 2016. Targeted Products from Fast Pyrolysis 
and Hydrodeoxygenation of Biomass. Major Professors: Fabio H. Ribeiro, Rakesh 
Agrawal, and W. Nicholas Delgass. 
 
 
Previously, the H2Bioil process was proposed as a possible way to convert 
sustainably available intact biomass into liquid fuels.  The optimization of this process 
and possible synergies with other biomass conversion processes are presented in this 
thesis. 
 The selectivity of the PtMo hydrodeoxygenation catalyst was tuned using two 
different hydrogen partial pressures: 25 bar, and 2.5 bar.  This effect was studied on 
cellulose and intact biomass samples to determine the effect that hydrogen has upon the 
retention of aromatic compounds found in intact biomass.  These experiments show that 
it is possible for the hydrogenation activity of the PtMo catalyst to be altered such that 
aromatic compounds are retained in the products after hydrodeoxygenation.  Around 3% 
of carbon is recovered in aromatic products from cellulose, while 10% of the carbon from 
intact biomass is recovered as aromatics. 
 The carbon efficiency of the cyclone reactor can be further increased by 
optimization of the temperatures of both the fast hydropyrolysis stage and 
hydrodeoxygenation stage.  Previous work has been done in this area, but was not 






were performed at FHP temperatures of 300°C for HDO and 480°C for FHP.  A proof-of-
concept experiment is shown, at the lower HDO and FHP temperatures of 275°C and 
460°C, respectively, that provides evidence that systematic optimization will lead to 
improvements in overall process yields.  This experiment shows that it may be able to 
further lower char formation in the FHP stage of the cyclone reactor by temperature 
optimization.  Char formation decreased from 29% to 23% of the total carbon.  The total 
hydrocarbon yield increases from 54% at the standard conditions to 60% for the low 
temperature experiment.  Also important to note is the formation of aromatic compounds 
which may be more favorable at lower HDO temperatures.  Further experiments need to 
be done for conclusive optimization.   
 A Catalytic Depolymerization of Lignin (CDL) process was recently developed to 
extract lignin from intact biomass into valuable chemicals.  This process results in high 
value propylphenol products and a leftover carbohydrate residue.  This carbohydrate 
residue can be used in a process such as the H2Bioil process to produce hydrocarbon 
fuels.    An experiment was performed on a CDL treated poplar sample to show a 
synergistic effects in a combined CDL/H2Bioil process is used to convert intact biomass 
to chemical and fuel products.  After completing a carbon balance on the combined 
process, it was determined that the overall carbon yield of the combined process is lower 
than the H2Bioil yield alone.  However, the extraction of lignin unexpectedly has no 






CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Fossil fuels have been used in automobiles for decades, and as recent price 
fluctuations show, the price of such fuels is sensitive to global availability of oil.  The 
liquid fuel usage in the US alone is over 776 million gallons per day (or 18.49 million bbl 
per day)[1].  In the future this demand will only increase due to the ever climbing 
population of the earth.  Despite current trends in the production of energy from shale gas 
in the United States, the supply will inevitably dwindle and drive up fuel prices.  This, 
along with the threat of climate change from greenhouse gas emissions related to non-
renewable fuels, perpetuates the need for a sustainable source of liquid fuel.  
Lignocellulosic biomass can provide such a renewable source of carbon for the 
production of liquid fuels.  Estimates suggest that upwards of 500 million Tons/year of 
biomass are available from sources that do not compete with food sources.  While not 
currently able to completely meet the liquid fuel demand due to large land requirements 
and low efficiencies, a renewable fuel from biomass is a step toward an energy solution 
for a petroleum-deprived future [2–4]. 
1.1.1 Fuel Scarcity 
 The Peak Oil theory (or Hubbert Peak Theory), introduced in 1956, asserts that oil 






pattern.  It was concluded from Hubbert’s theories that oil production would peak 
sometime in the late 1960s or early 1970s.  Given these theories, the US should become 
more and more dependent on foreign oil, and fuel prices should continue to increase as 
the peak production for US and world oil passes.  However, this model cannot take into 
account new disruptive technology that results in advances in oil/gas recovery.  The 
recent shale gas boom is an example of this kind of disruptive technology that was not 
predicted.  This unprecedented increase in oil and gas production in the US has led 
increased energy independence, decreased CO2 emissions, and a delay in the advent of 
the peak of oil production[5].  It is possible for chemical and fuel producers to switch 
their feedstocks to natural gas, thus mitigating any issues of scarcity.  Some also believe 
that biomass represents a synergistic feedstock with natural gas; proposing biomass as a 
feedstock for higher molecular weight chemicals and fuels while natural gas can be used 
for the lower molecular weight products[6].  However, combined biomass and natural gas 
processes may be harder to adopt due to preexisting infrastructure for fossil fuels.  
However, it is inevitable that fossil fuels will eventually become scarce due to their 
unsustainable nature, and climate change remains a serious problem. 
1.1.2 Sustainability 
The other important motivation for biofuel production is to reduce dependence on 
unsustainable fuel sources such as fossil fuels.  Fossil fuel usage is responsible for the 
release of over 7 gigatons of carbon per year globally[4].  Alternatives to fossil fuels 
allow us to produce fuels with a closed carbon cycle that will lead to reduction in the 
carbon released to the atmosphere and thus the reduction of pollution and the greenhouse 






1.2 Biomass Conversion Processes 
Biomass has been used as a fuel source since prehistoric times and thus it has been 
used for almost every possible application.  However, since the discovery of fossil fuels, 
the use of biomass as a fuel source has reduced dramatically in the most developed 
nations due to differences in energy density.  Biomass has an energy density around 450 
to 490 MJ/Kmol of carbon.  This is very low in comparison to 604 MJ/Kmol for 
gasoline[3].  This problem lies in the large amounts of oxygen in the constituent 
molecules of biomass.  In the natural production of fossil fuels, this oxygen is slowly 
removed on geological timescales.  In order to use biomass as an alternative for liquid 
fuel today, an efficient process must be developed to remove the oxygen and break down 
the polymers of biomass that operates at a much shorter timescale.  This process is the 
key to making biomass-derived fuel an economical alternative in a petroleum-deprived 
future.   
Due to the polymeric structure of biomass, various different processes have been 
proposed to break down the constituents into smaller molecules for further processing 
into biofuels or chemical.  An overview of such methods is given below.  Some of these 
processes such as hydrolysis may selectively operate on different parts of the biomass 
(cellulose, in this case), while other such as pyrolysis will break down all of the major 
constituents of biomass.   
1.2.1 Catalytic Conversion of Sugars 
Hydrolysis can convert cellulose and hemicellulose into constituent sugars.  After 
hydrolysis, these sugars can then be upgraded in a variety of ways to product fuels or fuel 






Such methods include acid treatments to hydrolyze hemicellulose, and ammonia fiber 
explosion can be used to remove lignin, and hemicellulose.  These treatments allow the 
cellulose contained in biomass to be more accessible for hydrolysis.  Enzymatic 
hydrolysis is also used, but can be inhibited by the lignin present in biomass[7].  This 
process is also impeded by the crystallinity of cellulose, so pretreatments such as steam 
explosion have been developed[7–9].  Enzymes and acids can be used to catalyze the 
hydrolysis reaction.  After hydrolysis different products can be produced from the 
resulting sugars.  The main products from hydrolysis of cellulose and hemicellulose are 
glucose and xylose, but xylitol, sorbitol, and sorbitan can be produced from 
hydrogenation of these sugars over a Ru/C catalyst to provide feedstocks for a variety of 
different chemical processes including Aqueous Phase Reforming (APR) and 
fermentation[10].  Huber and Dumesic showed that C1-C6 alkanes can be produced from 
aqueous phase dehydration/hydrogenation of sorbitol and with the addition of aldol 
condensation the process can produce C7-C15 alkanes[9].  Glucose and fructose from 
hydrolysis can be converted to levulinic acid and formic acid.  The levulinic acid can be 
used as a fuel additive or a feedstock for a variety of other products including polymers 
and pharmaceuticals.  It can also be used to produce biofuels through an integrated 
biorefinery as shown by Braden et al[11].  Formic acid can be used as a food preservative 
and in the production of leather and textiles.  The main drawbacks of these processes is 
the need for extensive pretreatment prior to conversion, and that the lignin portion of the 







1.2.2 Conversion of Sugars by Fermentation 
Fermentation can be used to produce ethanol, methane, or hydrogen from sugars 
by using microorganisms.  Commercialized processes include the fermentation of sugars 
from corn and sugarcane to produce ethanol for use in automobiles.  The product ethanol 
can be used directly as a fuel, or purified and blended into gasoline.  These processes 
usually use yeast (Saccharomyces cerevisiae) to produce ethanol.  It is also possible to 
produce ethanol from cellulosic feedstocks, but these processes are not currently 
implemented commercially.  In order to utilize the sugar for fermentation, it must be 
extracted from the feedstock.  Cellulosic biomass must be pretreated and milled prior to 
hydrolysis, and then fermented.  Corn can be milled and then hydrolyzed and needs no 
additional pretreatment due to the amorphous nature of the starch.   The drawback in 
ethanol production is the loss of energy due to microorganisms fixing carbon into 
biomass and loss as CO2 from respiration, and the economics vary based on regional 
biomass availability[8].  The carbon efficiency of ethanol produced from sugar with 
100% conversion efficiency is estimated at around 55%[2]. 
Methane and hydrogen production can also be produced via fermentation.  This process is 
even used to dispose of waste.  It has similar carbon loss problems to ethanol 
fermentation, but also produces byproducts of acetic and butyric acid.  To make matters 
worse, the reaction is inhibited by high hydrogen pressures, so it must be removed to 
increase yields of hydrogen.  The rate of hydrogen formation is also low enough that 






1.2.3 Catalytic Conversion of Lignin 
The common use of lignin, industrially, is to supply process heat.  However, the 
lignin contains a large amount of the carbon and energy in biomass.  In poplar, up to 37% 
of the carbon is in lignin, while only around 20% of the weight of the biomass is lignin. 
Therefore, it would be more efficient to convert lignin into usable biofuels or chemicals 
as well.    Most processes that act upon lignin an also be used for the other constituents of 
biomass, such as gasification and catalytic pyrolysis.  These processes will be discussed 
in the following chapters.  It is also possible to extract lignin and convert it separately 
from cellulose and hemicellulose.  one such example is a process developed by Parsell et 
al. to extract and convert lignin to dihydroeugenol and dimethoxypropylphenol[12].  The 
yield to these products ranges from 40-54% and leaves behind a carbohydrate residue that 
is 95% cellulose and can possibly be used in another biomass to liquid fuels process.  The 
advantages of this product are the high yield of aromatic products which can be used as 
fuel additives, feedstocks for commodity chemicals and polymers, or specialty products 
such as fragrances.  Other groups have investigated catalysts for the conversion of lignin 
or other phenol based compounds to valuable chemicals and fuels[13].   
1.2.4 Biomass Gasification 
To date, the process with the highest carbon efficiency for carbon conversion to 
fuel is a combined gasification/Fisher-Tropsch process.  This high efficiency is only 
reachable if the process is operated with hydrogen and heat from carbon-free sources, 
such as solar[3,4].  Gasification is first performed in order to convert the biomass into 
syngas, a mixture of carbon monoxide and hydrogen.  This is done by heating the 






However the resulting product has low energy density since it is composed of mostly 
hydrogen, carbon monoxide, and methane.  The Fisher-Tropsch process is used to make 
long chain alkenes for diesel fuel from this low energy density syngas.  It can also be 
combined with hybrid FeCoK-zeotlite catalysts that promote cracking in order to produce 
high octane gasoline directly from syngas[14,15].  The gasification-FT process can 
achieve complete conversion of biomass to fuels.  Any CO2 produced is recycled to the 
gasifier where it will undergo the reverse WGS reaction to form CO.  This CO is then 
converted to liquid fuels with an FT catalyst.  The carbon efficiency of the process can be 
100% if supplemented with a carbon-free hydrogen source such as solar.  If biomass is 
used to produce hydrogen or process heat, the carbon efficiency and fuel yield is 
decreased[3,4].  Despite this high carbon efficiency, the process has drawbacks.  The 
process requires large amounts of heat and hydrogen to operate[3].  In addition, 
economies of scale is necessary to make the process feasible, but transporting the large 
amounts of biomass needed for such a reactor is not practical[3].  It may be possible to 
decrease costs by first converting biomass to bio-oil, which can transported more 
efficiently to gasification-FT units[16].  One problem with this method is that bio-oil is 
corrosive, due to its high acidity, and can polymerize[17,18].  Various economic analysis 
have been performed on gasification-FT processes.  Although the technology exists, and 
would produce a higher quality diesel fuel, it is not cost-competitive with current diesel.  
Price estimates for the combined process are given at 14-9 US$/GJ compared to an 






1.2.5 Pyrolysis and Catalytic Upgrading of Bio-Oil 
Pyrolysis, like gasification, is another method of converting intact biomass to an 
intermediate that can be used to produce fuels.  In this case the biomass is heated in an 
inert atmosphere, instead of the presence of oxygen and steam, to produce bio oils.  Bio-
oils can be upgraded catalytically, either simultaneously in the pyrolysis process 
(catalytic pyrolysis), or in a subsequent step.  It is useful to understand the pyrolysis 
process independently from the catalytic process, so that will be discussed first.   
The pyrolysis process can take place between 400°C and 900°C and from low 
heating rates of 50°C/s or up to 1000°C/s for fast/flash pyrolysis processes.  Higher yields 
of bio oil are produced in fast pyrolysis processes, with more permanent gasses being 
formed otherwise, so the focus has been on such processes for production of liquid 
fuels[21].  The pyrolysis process can produce up to 75% weight percent bio-oil from 
biomass[22].  Pyrolysis and catalytic pyrolysis methods have been performed on 
individual components of biomass in order to elucidate which intermediate bio-oil 
products and final chemical products are produced.  Cellulose is commercially available 
in large quantities and is the most commonly used substrate for pyrolysis studies.  Studies 
show that levoglucosan and glycoaldehyde are main products from cellulose[23].  Linear 
xylan is used as a proxy for hemicellulose in pyrolysis experiments and it yields 
methanol, formic and acetic acid, furans, and pyranoses[24].  The third component of 
lignocellulosic biomass, lignin, produces guaiacol, dimethoxyphenol and 
methoxyacetophenones from pyrolysis[25].  Lignin is thought to be mainly responsible 
for formation of char during the pyrolysis process.  The Brown research group conducted 






that the majority of the char formed in the pyrolysis process is produced from lignin.  
They also showed that hemicellulose also contributes to char formation during pyrolysis, 
while cellulose produces the least char[26].  It has also been reported that inorganic salts 
can catalyze char formation in carbohydrate constituents of biomass[24].  All three 
constituents of biomass form CO, CO2, and water to some degree from pyrolysis.  
The upgrading of bio-oils should lower the oxygen content and create a stable 
product that will not polymerize or degrade.  A variety of different catalysts have been 
studied for upgrading of bio-oils; from sulfide catalysts similar to those used in industrial 
hydrotreating, to bimetallic systems, to zeolites that are commonly used in industrial 
applications. 
Often ZSM-5 and other zeolites are used because of their ability to form olefins 
and aromatic species[27].  This ability to form aromatics and olefins comes with the 
tradeoff of catalytic coke formation.  In the case of HZSM-5, all three components of 
biomass contribute to this coking, but it can be decreased by using an oxygenate 
feedstock with higher H/Ceff ratios[26,28].  This would require pretreatment of biomass, 
as it has a very low H/Ceff ratio of around 0.3.  This catalytic coke must be removed in 
order to restore catalytic activity, as it blocks the active sites[29].  In this process the 
aromaticity of lignin is not necessarily preserved through the catalytic process, as 
cellulose and hemicellulose can produce more aromatics than lignin[26].  The production 
of aromatics from cellulose and hemicellulose is attributed to aromatization of small 
oxygenates and olefins[30].  Many different metal-doped zeolites have been studied and 
can tune the product distribution by decreasing char formation (Ce doped HZSM-5) to 







Catalytic pyrolysis is convenient because depolymerization of the biomass 
structure and bio-oil upgrading take place simultaneously in the process.  Due to rapid 
deactivation of the zeolite catalysts that are commonly used, catalytic pyrolysis processes 
are usually designed for use in fluidized bed systems where the catalyst can be separated 
from the reaction mixture for coke removal and then recirculated to the reactor[31,32].   
The catalytic pyrolysis process has significant drawbacks.  Specifically, 
temperature of pyrolysis and upgrading cannot be independently controlled.  This may 
limit the carbon efficiency of the process.  Additionally the use of zeolite catalysts 
introduces a large carbon loss to catalytic coke, in a process that already has large char 
yields. 
 Sulfided catalysts are often used for hydrotreating in the oil industry[33].  These 
catalysts are sulfided in order to selectively tune their activity.  Although these catalysts 
demonstrate high activity for HDO, the addition of sulfur can poison downstream 
catalysts.  So these catalysts may not be the best choice due to increasing process costs 
related to subsequent sulfur removal, due to the fact that biomass has low sulfur content 
and may not require hydrodesulfurization like crude oil feedstocks[34]. 
In review, it is clear that the challenges of upgrading biomass are many, and that 
using solutions from the refining industry such as existing FCC and hydrotreating 
catalysts may not be the best option.  These processes were developed for non-








1.3 The H2Bioil Process 
In 2009 Agrawal and Singh proposed the H2bioil process for converting biomass to 
hydrocarbon fuels or other chemical products.  In the H2Bioil process, intact biomass is 
first fed into a Fast Hydropyrolysis reactor where the biomass structure is broken down 
and separated into vapors, gas phase products, and solid phase char.  The vapor phase 
products are then fed to a catalytic reactor where they are hydrodeoxygenated to 
hydrocarbons that can be used as drop in fuels or other products that are easily upgraded 
to fuels.  Optimally this reactor is fed hydrogen and power from carbon free energy 
sources, such as solar.  The bio-oil then passes through a connector section; during this 
time, the temperature of the bio-oil is adjusted to the hydrodeoxygenation temperature 
without condensation.  This step ensures that the FHP and HDO processes can both occur 
at their specific optimal conditions.  In addition, since the bio-oil is not condensed, any 
product loss during condensation/evaporation are avoided, along with any gumming or 
other polymerization reactions that can occur during bio-oil storage[18].   
Although not able to beat the 100% carbon efficient H2Car biomass gasification 
process, the H2Bioil process has the capability to be more viable due to lower hydrogen 
requirements and synergies with other processes.  Agrawal et al. have shown that the 
H2Bioil process can operate with increased carbon efficiency when combined with coal 
gasification for power production, or steam reforming of natural gas[3].  These synergies 
make the process more economical for transition period fuel production than if it were to 
rely on currently expensive hydrogen from solar power alone.  The transition period 








The process also has significant advantages over catalytic pyrolysis.  In the 
H2bioil process the pyrolysis and catalysis are done in sequence without condensation of 
bio-oils, which allows for temperature adjustment in between.  In this way the 
temperatures of the FHP and HDO stages can be done independently.  In this tandem step 
intact biomass is converted directly into fuels range hydrocarbons, or C4+ hydrocarbons, 
and other byproducts. 
Venkatakrishnan provided lab-scale proof-of-concept experiments on the H2Bioil 
process and the Pt/Mo catalyst for conversion of intact biomass[23,35].  Cellulose was 
used as a model compound for the original H2Bioil Cyclone Reactor Experiments.  These 
experiments produced up to 73% carbon percent of hydrocarbons from cellulose and 54% 
from intact biomass.  Partial optimization of the process was also investigated and will be 
further detailed in chapter 4.   
A PtMo bimetallic catalyst has been developed to convert pyrolysis products into drop-in 
hydrocarbon fuels for the H2Bioil process.  This catalyst can perform complete 
deoxygenation, but the resulting hydrocarbons products include a large amount of low 
chain length products (<C4).  The catalysts will also perform decarbonylation in addition 
to hydrogenation and deoxygenation.  This results in carbon loss to permanent gasses 
such as CO and CO2.  Cellulose FHP and HDO produces 18% combined carbon 
monoxide and carbon dioxide, while poplar produces 13%. 
The advantages of the H2Bioil process give it the potential to be developed into 
the leading process for conversion of lignocellulosic biomass to liquid fuels.  In order to 
reach this potential, the issues of char formation, light hydrocarbon production, and 







through systematic optimization of process parameters and introduction of new chemistry 
and catalysis for upgrading. 
 
1.4 Objectives 
The general objectives of this work are to systematically study the process parameters of 
the H2Bioil process on an ablative cyclone FHP reactor with sequential fixed catalytic 
bed for upgrading of bio-oils and to understand how these parameters affect the 
underlying physical and chemical phenomena that occur in the process.  The process 
parameters of interest are FHP and HDO temperatures, reactor pressure, partial-pressure 
of hydrogen, catalyst, and biomass feedstock.  These parameters will allow us to optimize 
the process for carbon efficiency and yield to target products, be it fuels or chemicals. 
The specific goals for this research are listed below: 
 
Goal #1: Optimize the operating conditions of the cyclone reactor in order to maximize 
carbon efficiency and demonstrate the full potential of the H2Bioil process. 
 
Goal #2: Modify process parameters such as hydrogen partial pressure and biomass 
feedstock to produce product distributions tailored to specific products such as aromatics 
for gasoline production or long, straight-chain hydrocarbons for diesel fuel. 
 
Goal #3: Demonstrate additional process synergies for production of fuels and chemicals 








Previous work on the H2Bioil process has identified the system pressure and 
temperatures of FHP and HDO to greatly affect the carbon efficiency of the process.  
These parameters have not been fully optimized as of yet.  Preliminary experiments on 
this topic are presented in chapter 4. 
Experiments done on model compounds such as Dihydro-Eugenol (DHE) with the 
Pt/Mo catalyst have shown that it may be possible to tune the selectivity of hydrogenation 
for aromatic compounds in bio-oil vapors from pyrolysis.  Although these experiments 
are not examined here, they have led to hydrogen pressure studies on intact biomass with 
the H2Bioil Cyclone Reactor.  Experiments on cellulose, poplar, and miscanthus at low 
and high hydrogen partial-pressure are presented in chapter 3. 
A process for extracting lignin and converting it to valuable chemicals was recently 
proposed by Parsell et al[12].  This Catalytic Depolymerization of Lignin process can 
extract lignin and convert 50% of the extracted lignin into two products: propyl guaiacol 
and propyl syringol.  The leftover solid residue can be used as a feedstock in the H2Bioil 







CHAPTER 2.  EXPERIMENTAL METHODS 
2.1 The Cyclone Reactor 
A lab scale high-pressure ablative cyclone-type pyrolysis reactor was designed and 
built by Vinod Venkatakrishnan and Andrew Smeltz.  The reactor system features safe 
use of high pressures of hydrogen through the use of gas detector systems and automated 
LabVIEW controls.  The reactor is operated within a walk-in fume hood and a schematic 
is shown in figure 1 below.  The cyclone reactor is heated with a combination of 
BriskHeat heating tapes, a custom ceramic heater, and custom made insulated heating 
jackets.  The cyclone reactor is currently operable to 85 bar, due to conditions of the 
hydrostatic pressure testing done on the biomass screw feeder.  Hydrogen gas cylinders 
are kept within a ventilated cabinet and the manifold is equipped with automatic shutoff 
valves that are connected to a hydrogen gas detector system in the laboratory.  In the 
event of a hydrogen leak that exceeds 10% of the lower explosive limit of hydrogen at the 
detector, the cyclone reactor will depressurize, the hydrogen gas flow will be stopped, 
and an emergency reactor inert gas purge line will be opened.  The LabVIEW system is 









Figure 1: The H2Bioil Cyclone Reactor. 
A process flow diagram is shown in figure 1.  Gasses are fed though a bank of mass 
flow controllers into the cyclone reactor.  Hydrogen and helium are fed directly into the 
inlet of the reactor, while nitrogen is fed through the biomass hopper, so that it can be 
used as a purge during reactor pressurization.  Biomass is fed into the inlet from the top.  
In the inlet, high flow rates of helium or hydrogen entrains the biomass so that it flows 
easily into the cyclone.  In the cyclone the biomass is pyrolyzed, then the char and vapors 
are separated.  The char falls into the char collection section, while the vapors proceed 
through the connector.  After the connector, the vapors pass through the fixed bed 
catalyst reactor, followed by the condenser and then two liquid traps.  The first liquid trap 
operates at room temperature, while the second is kept at -75°C during reactor operation.  







valve that removes a slipstream of gas for GC analysis.  The remaining gas flows through 
a sparger that releases it into the fume hood duct.   
 
 
2.2 Product Analysis 
An Agilent 6890N GC is used for quantification of gas phase products.  
Downstream of the reactor, a slipstream of gas is fed into two GC sample loops.  One of 
the sample loops feeds gasses into an Agilent J&W GS-Gaspro capillary column.  The 
effluent from this column is analyzed by a Flame Ionization Detector, or FID, which is 
used for hydrocarbon analysis.  The other sample loop feeds into a Supelco 12718-U pre-
column to remove heavy molecules.  This pre-column is connected to a 60/80 Supelco 
Carboxen-1000 packed column that separates permanent gasses for analysis in the 
Temperature Conductivity Detector, or TCD.  The permanent gasses Hydrogen, Nitrogen, 
Carbon Monoxide, Carbon Dioxide, Methane, and Ethane are analyzed with the TCD, 
while hydrocarbons ranging from C1 to C9 are separated in the GS-Gaspro and analyzed 
with the FID. 
Liquid phase products that are collected are composed of mainly water, with some 
small percentages of bio-oil type compounds present.  Galbraith Laboratories performs 
elemental analysis to determine the amount of carbon in these samples.  KF titration and 
carbon/hydrogen analysis is performed on these samples.  KF titration is a coulombic 
titration method to determine the amount of water in liquid, solid, or gaseous samples.  
Galbraith Laboratories also analyze solid products (biochar).  Carbon, hydrogen, and 







Proximate and Ultimate analysis of the biomass samples was performed by Hazen 
Research Inc., while compositional analysis was performed by Professor Mosier’s group 
as a part of C3Bio. 
2.3 Biomass and Model Compounds 
Sigmacell Cellulose Type 50 was purchased from Sigma Aldritch for use as a 
model compound in the cyclone reactor.  
National Renewable Energy Laboratory (NREL) provided BESC standard poplar (a 
genotype of Populus trichocarpa). 
Poplar wild type and genetically modified samples were provided by Professor 
Meilan’s group as a part of the Center for Direct Catalytic Conversion of Biomass to 
Biofuels (C3Bio) at Purdue University. 
Poplar wild type and genetically modified samples that have undergone the CDL 
process were provided by Madhi Abu-Omar from the Purdue Department of Chemistry, 
as a part of C3Bio. 
All biomass samples were milled to >270 mesh (or <53 micron) in a Thomas 









CHAPTER 3. THE EFFECT OF HYDROGEN PARTIAL PRESSURE  
3.1 Pyrolysis of Cellulose and Intact Biomass 
The effect of hydrogen pressure on the pyrolysis of cellulose in the cyclone reactor 
was studied by V. K. Venkatakrishnan[35].  It was concluded that hydrogen partial 
pressure does not significantly change the pyrolysis product distribution; any differences 
were within the experimental error of the LC-MS analytical method used for analysis of 
cellulose bio-oils.  This allows for potential use of the hydrogen partial pressure to tune 
the selectivity of any catalyst loaded within the fixed catalyst bed stage of the cyclone 
reactor without affecting the pyrolysis stage.   
3.2 Catalytic Upgrading 
In order to elucidate the effect of hydrogen partial pressure on the selectivity of 
hydrodeoxygenation, experiments were performed on cellulose and intact biomass 
(poplar, miscanthus) at 25 and 2.5 bar partial pressure of hydrogen.  The high hydrogen 
pressure experiments with poplar were performed by Vinod K. Venktatakrishnan and 
have been published previously[23].  Additionally, Vinod K. Venkatakrishnan and Ian T. 
Smith performed the other experiments.  These experiments show that the hydrogen 
partial pressure can be used to tune the selectivity of the reactions that take place on the 
PtMo catalyst.  Specifically the hydrogenation of aromatic rings, and 







3.2.1 Low Hydrogen Partial Pressure FHP and HDO of Cellulose 
Figure 2 shows the product distribution from the fast hydropyrolysis and 
subsequent hydrodeoxygenation of cellulose at 2.5 bar hydrogen partial pressure, 480°C 
pyrolysis temperature, and 300°C HDO temperature with PtMo/MWCNTs catalyst 
compared to a similar experiment at 25 bar of hydrogen.  The total system pressure was 
27 bar; the balance consists of the inert gasses, helium and nitrogen.  Even from 
cellulose, around 3% of the carbon fed is recovered as aromatic compounds.  Since 
pyrolysis is not sensitive to the hydrogen partial pressure, the differences can be more 
easily noted from the normalized gas phase product distributions shown in table 1.  These 
normalized gas-phase product distributions have been calculated from the yield of each 
gas phase product divided the total gas phase carbon yield. 
 
Figure 2: Product distributions from FHP and HDO of cellulose at 25 and 2.5 bar partial 







Table 1: Normalized gas-phase product distributions of FHP and HDO of cellulose at 
high and low hydrogen partial pressure (Carbon %). 
Cellulose FHP and HDO 
Product Species PH2 = 25 bar PH2 = 2.5 bar 
CO 17.31 ±0.87 31.11 ±1.56 
CO2 2.17 ±0.11 6.98 ±0.35 
CH4 5.87 ±0.29 4.27 ±0.21 
C2 6.72 ±0.34 5.68 ±0.28 
C3 6.87 ±0.34 6.88 ±0.34 
C4 9.06 ±0.45 10.35 ±0.52 
C5 17.97 ±0.9 15.57 ±0.78 
C6 25.79 ±1.29 11.63 ±0.58 
C7 2.09 ±0.1 1.25 ±0.06 
C6 Aromatic -- -- 0.95 ±0.05 
C8+ 6.15 ±0.31 3.75 ±0.19 
C7 Aromatic -- -- 0.4 ±0.02 
C8 Aromatic -- -- 1.2 ±0.06 
C9 Aromatic -- -- 0 ±0 
 
Compared to the high hydrogen pressure FHP and HDO of cellulose the main 
differences are in the amount of CO/CO2, C6 hydrocarbons, and aromatic hydrocarbons 
that are formed.  In the high-pressure experiment, no aromatics are formed.  In the low 
pressure experiments, around 3% of the carbon is recovered as aromatic compounds.  The 
compounds detected include benzene, toluene, xylenes, or ethylbenzene.  No C9 
aromatics are formed.  The total CO and CO2 formed jumps from 20% in the high-
pressure experiment to 38% under reduced hydrogen partial pressures.  The six carbon 
hydrocarbon yield is down from 26% to 16% in the low pressure experiment.  Most of 
the other hydrocarbons produced show no change between the two experiments, if the 







3.2.2 Low Hydrogen Partial Pressure FHP and HDO of Intact Biomass 
NREL poplar and Miscanthus were also used as a feedstock in the cyclone reactor 
for low hydrogen partial pressure experiments.  Figures 3 and 4 show comparisons 
between high and low partial pressure experiments of of NREL Poplar and Miscanthus 
respectively. 
 
Figure 3: Product distributions from FHP and HDO of NREL Poplar at 25 and 2.5 bar 
partial pressure of hydrogen. 
These experiments, like those with cellulose, were performed at 2.5 bar hydrogen partial 
pressure with balance inert, 480°C pyrolysis temperature, and 300°C HDO temperature 
with PtMo/MWCNTs catalyst.  Similarly to the low hydrogen pressure cellulose 
experiments, the more interesting information can be more easily presented in the 








Figure 4: Product distributions from FHP and HDO of miscanthus at 25 and 2.5 bar 
partial pressure of hydrogen. 
These normalized product distributions are shown in table 2 for NREL Poplar and table 3 
for Miscanthus.  Once again, the main changes in the product distribution between low 
and high hydrogen partial pressure experiments are in CO/CO2 formation and the 
formation of aromatics.  In the low pressure experiment, most of the low carbon number 
hydrocarbon products also decrease slightly, with much larger decreases in C6-C9 
hydrocarbons.  The CO/CO2 produced more than doubles from the high pressure 
experiments, from ~20% to 40% for poplar and 16% to ~40% for miscanthus.  Around 










Table 2: Normalized gas-phase product distributions from FHP and HDO of poplar at 
high and low hydrogen partial pressure (Carbon %). 
Poplar FHP and HDO 
Product Species PH2 = 25 bar PH2 = 2.5 bar 
CO 14.52 ±0.73 31.84 ±1.59 
CO2 4.16 ±0.21 9.99 ±0.5 
CH4 14.8 ±0.74 7.36 ±0.37 
C2 10.39 ±0.52 7.24 ±0.36 
C3 7.5 ±0.37 5.41 ±0.27 
C4 8.67 ±0.43 5.68 ±0.28 
C5 9.9 ±0.5 6.1 ±0.3 
C6 7.45 ±0.37 4.36 ±0.22 
C7 4.17 ±0.21 1.82 ±0.09 
C6 Aromatic -- -- 1.93 ±0.1 
C8+ 18.45 ±0.92 6 ±0.3 
C7 Aromatic -- -- 1.04 ±0.05 
C8 Aromatic -- -- 5.23 ±0.26 
C9 Aromatic -- -- 5.99 ±0.3 
 
Table 3: Normalized gas-phase product distributions from FHP and HDO of miscanthus 
at high and low hydrogen partial pressure (Carbon %). 
Miscanthus FHP and HDO 
Product Species PH2 = 25 bar PH2 = 2.5 bar 
CO 11.94 ±0.6 26.61 ±1.33 
CO2 3.76 ±0.19 12.64 ±0.63 
CH4 7.7 ±0.39 5.62 ±0.28 
C2 7.47 ±0.37 6.96 ±0.35 
C3 6.43 ±0.32 5.71 ±0.29 
C4 8.18 ±0.41 5.27 ±0.26 
C5 13.45 ±0.67 6.75 ±0.34 
C6 10.05 ±0.5 4.88 ±0.24 
C7 6.06 ±0.3 2.29 ±0.11 
C6 Aromatic -- -- 1.98 ±0.1 
C8+ 24.96 ±1.25 9.91 ±0.5 
C7 Aromatic -- -- 1.1 ±0.05 
C8 Aromatic -- -- 7.01 ±0.35 








The data show three main effects of the lower hydrogen partial pressure.  Firstly, the 
production of deoxygenated aromatic compounds from intact biomass is possible with the 
H2Bioil Cyclone Reactor.  Second, the amount of CO and CO2 produced greatly 
increases at lower hydrogen partial pressures.  Lastly, that the overall hydrocarbon yield 
is decreased.  Three times as many aromatics are produced from intact biomass than 
cellulose at the low hydrogen pressure of 2.5 bar.  At the HDO reaction temperature of 
300°C and the hydrogen partial pressure of 2.5 bar, the saturated hydrocarbon product is 
favored thermodynamically.  Using hydrogenation of ethylene and benzene as example 
reactions, the equilibrium constants are 1.6x106 and 1.2 respectively.  However, taking 
into account the hydrogen concentration , formation of aromatics does not become 
equilibrium favored until above 300°C at 2.5 bar of hydrogen.  This means that these 
products most likely remain intact through the pyrolysis of biomass and are not fully 
hydrogenated on the PtMo catalyst.  For cellulose, it is possible that these products are 
formed due to impurities or to the small amount of cyclization reactions that may take 
place over the HDO catalyst.  The CO and CO2 formation is at least doubled at the lower 
partial pressure of hydrogen.  The lower partial pressure of hydrogen may lead to lower 
hydrogen coverage on the surface of the catalyst under reaction conditions.  The desired 
hydrodeoxygenation reactions involve removal of oxygen as water, however not all loss 
of oxygen as CO can be prevented.  If hydrogen is not available on the surface to react 
with hydroxyl groups present on the oxygenated bio-oil compounds, causing loss of 
oxygen as water, decarbonylation may become more favorable.  Since platinum is a well-







reforming and methanol reforming become more favorable at lower hydrogen partial 
pressures due to equilibrium effects.  This would lead to an increase in the amount of 
carbon monoxide and carbon dioxide formed.  This loss of carbon to undesired products 








CHAPTER 4.  OPTIMIZATION OF OPERATING CONDITIONS FOR THE H2BIOIL 
CYCLONE REACTOR 
4.1 Overview 
One of the distinct advantages of the H2Bioil process is that the HDO or upgrading 
and FHP temperatures can be independently controlled.  Thus we must take care to 
optimize them fully to understand what the process is capable of.  Previous work done by 
V. K. Venkatakrishnan had partially optimized these parameters.  The FHP temperature 
experiments ranged from 480 to 580 °C and the HDO from 300 to 350 °C.  Another 
experiment has been performed to explore the possibility of further optimizing the 
temperature of both the FHP and HDO stages of the cyclone reactor.  In this experiment, 
the FHP temperature was 460°C and the HDO temperature was 275°C.  While not a 
systematic optimization, this experiment gives some insight into how the cyclone reactor 
can be optimized further.   
 
4.1.1 Note on the Independence of FHP and HDO Processes 
While the FHP process determine the composition of the bio-oil that undergoes the 
HDO process, it is possible to deduce the effects of changing both the HDO and FHP 
temperatures simultaneously, on certain products that are formed.  For example, char is 
only formed in the FHP step and cannot be affected by the HDO temperature or catalyst.  







from the FHP step if they are not hydrogenated in the HDO step.  Thus the retention of 
aromaticity is determined in the HDO stage only.  Thirdly, as shown by V. K. 
Venkatakrishnan, the majority of the CO and CO2 are produced in the HDO step due to 
decarbonylation and other reactions over the PtMo catalyst[23].  While some CO and 
CO2 are produced during the FHP step, the amount formed decreases with FHP 
temperature.  These facts allow us to deduce some of the effects of changing the FHP and 
HDO temperature simultaneously. 
4.2 Effect of FHP and HDO Temperature 
NREL Poplar was used to determine the effect of lower FHP and HDO 
temperatures.  The cyclone reactor was operated at 25 bar hydrogen partial pressure, 27 
bar total pressure with balance nitrogen, FHP temperature of 460°C and HDO 
temperature of 275°C.  Figure 5 shows the product distribution from the FHP and HDO 
of NREL Poplar at these conditions, when compared to the standard FHP and HDO 








Figure 5: Product distributions from FHP and HDO of NREL poplar at low and high 
temperatures. 
Due to fluctuations in the GC signal during this particular experiment, the gas 
phase data for the low temperature experiment has been renormalized for representation.  
Since the GC signal gives a snapshot of the gas phase products, but all of the solid and 
liquid products are collected, any fluctuation in the GC signal can result in artificially 
high carbon recovery.  To remedy this, the relative amounts of gas phase products have 
been retained, but the total amount of carbon recovered in the gas phase has been reduced 








Figure 6: Product distributions from FHP and HDO of NREL poplar at low and high 
temperatures – gas phase products normalized as explained on page 29. 
 
The normalized data shown in the right hand column of figure 6 can be used to 
compare with previous experiments.  Attention should be drawn to two categories of 
products: the char and total hydrocarbon yield.  The C4+ hydrocarbon yield increases 
from 32% to ~40%, from the high temperature experiment to the low temperature 
experiment, while the char yield decreases ~29% to 23%.  It is also worth noting that 











Table 4: Normalized gas-phase product distribution from FHP and HDO of poplar at high 
and low temperatures (Carbon %). 
Temperature Effect on FHP and HDO of Poplar 
Product 
Species 
FHP Temp = 480°C, 
HDO Temp = 300°C 
FHP Temp = 460°C, 
HDO Temp = 275°C 
CO 14.52 ±0.73 14.66 ±0.73 
CO2 4.16 ±0.21 5.86 ±0.29 
CH4 14.8 ±0.74 8.78 ±0.44 
C2 10.39 ±0.52 10.38 ±0.52 
C3 7.5 ±0.37 7.29 ±0.36 
C4 8.67 ±0.43 7.83 ±0.39 
C5 9.9 ±0.5 10.34 ±0.52 
C6 7.45 ±0.37 9.13 ±0.46 
C7 4.17 ±0.21 5.19 ±0.26 
C6 Aromatic -- -- 0.98 ±0.05 
C8+ 18.45 ±0.92 15.57 ±0.78 
C7 Aromatic -- -- 0 ±0 
C8 Aromatic -- -- 2.81 ±0.14 
C9 Aromatic -- -- 1.17 ±0.06 
 
4.3 Discussion 
The goal of optimizing the Cyclone Reactor is to maximize the total hydrocarbon 
yield, while minimizing the char, and CO and CO2 yield.  Since the change in the FHP 
temperature is the only variable changed that can affect char formation, it is likely that 
the lower FHP temperature is more amenable to the production of bio-oil vapors instead 
of char.  This reduction in char will however, affect the total hydrocarbon yield.  The 
normalized percentages of gas-phase productions are given in table 4 for further 
comparison.  The increase in total hydrocarbon yield has pushed the H2Bioil process 
even closer to the theoretical yield of ~75% presented by Signh and Agrawal.  However, 
21% of the gas phase products are still C1-C3 products, which are not useable for drop-in 







reactions such as aldol condensation or the discovery of additional HDO catalysts that are 
less prone to producing light hydrocarbons than the currently used Pt/Mo.  Although the 
total hydrocarbon yield cannot be decoupled from the FHP process, the aromatics that are 
produced in this step are normally hydrogenated in the HDO step.  The change in HDO 
temperature may have changed the selectivity of the PtMo catalyst for hydrogenation of 
aromatic rings, thus allowing some aromatic molecules to survive.  These experiments 
show that there is still further optimization that can be performed on the cyclone reactor 








CHAPTER 5. SYNERGISTIC CONVERSION OF INTACT BIOMASS INTO 
CHEMICAL AND FUEL PRODUCTS VIA CATALYTIC 
DEPOLYMERIZATION OF LIGNIN AND THE H2BIOIL PROCESS 
5.1 Overview 
A process for extracting and converting lignin from intact biomass into valuable 
chemical products prior to cellulose conversion was recently proposed by Parsell et 
al[12].  This Catalytic Depolymerization of Lignin (CDL) process uses a water/ethanol 
extraction to remove lignin from intact biomass and convert it to high value chemical 
products over a bimetallic Zn/Pd/C catalyst.  The extraction and reaction take place 
simultaneously at 225 ̊C and 500 psig of hydrogen.  Yields of 40-54% were reported to 
propyl-guaiacol and propyl-syringol.  These products can be used to produce high value 
commodity chemicals for fuel additives, polymers, or fragrances, while the carbohydrate 
can be used for other purposes.  Due to its potentially high value, it may be preferable to 
extract the lignin portion of biomass into chemical products before production of biofuels 
from the carbohydrate residue.  The experiment shown in this chapter utilized the leftover 
carbohydrate residue to produce biofuels via the H2Bioil process.   
5.2 Cyclone Reactor Experiments 
FHP and subsequent HDO of the wild type poplar 717-Bark CDL Residue sample 
was performed in the cyclone reactor.  The data for this experiment, as compared with 








Figure 7: Product distributions from FHP and HDO of NREL poplar, untreated and 
pretreated in CDL process. 
The char produced is almost identical to that of the untreated biomass.  The relative 
percent of gas-phase products produced is shown in table 5.  The data shows that there is 
a decrease in the amount of C7, C8, and C9 products produced in the CDL treated 
biomass, and a slight decrease in the relative amount of CO and CO2 produced.  The 
relative amount of C5 and C6 hydrocarbons produced is increased, while the other 











Table 5: Normalized gas-phase product distribution from FHP and HDO of poplar, with 
and without CDL process pretreatment (Carbon %). 
Effect of Lignin Removal via CDL Process on FHP and 
HDO of Poplar 
Product Species Untreated Poplar CDL Treated Poplar 
CO 14.52 ±0.73 8.6 ±0.43 
CO2 4.16 ±0.21 1.71 ±0.09 
CH4 14.8 ±0.74 13.07 ±0.65 
C2 10.39 ±0.52 11.65 ±0.58 
C3 7.5 ±0.37 9.42 ±0.47 
C4 8.67 ±0.43 9.56 ±0.48 
C5 9.9 ±0.5 18.85 ±0.94 
C6 7.45 ±0.37 17.63 ±0.88 
C7 4.17 ±0.21 2.74 ±0.14 
C6 Aromatic -- -- 0.35 ±0.02 
C8+ 18.45 ±0.92 5.49 ±0.27 
C7 Aromatic -- -- 0.49 ±0.02 
C8 Aromatic -- -- 0.44 ±0.02 
C9 Aromatic -- -- 0 ±0 
  
5.3 Discussion 
As mentioned in chapter 1, the formation of char is often accredited to lignin 
polymerization and catalytic activity of inorganic ashes in the biomass in the literature.  It 
is clear from this experiment that the CDL pretreatment has little effect on char formation 
during fast-hydropyrolysis.  It is possible that lignin has a smaller effect on char 
formation than previously thought, or it is possible that some discrepancy between the 
717-Bark Poplar sample and the NREL Standard Poplar, such as ash content, makes these 
samples incomparable.  Unfortunately there is no reliable data on a lignin or 
hemicellulose model compound that has been collected using the cyclone reactor that can 
be used for comparison, and ash content has not been measured for these samples.  The 
changes in the relative amounts of gas phase hydrocarbons produced are indicative of the 







lignin that is removed, the higher the relative amounts of C5 and C6 products should be 
and the lower the amount of C7, C8, and C9 products.  The other interesting change is the 
reduction in the overall formation of CO and CO2.  This could be due to the fact that the 
monomers of lignin contain methoxy groups which would be could be likely to undergo 
decarbonylation during the HDO process.  However, if this were the case, it would be 
expected that cellulose would produce lower CO and CO2 yields than intact biomass, but 
it does not.  There is also currently no accurate way to estimate the CO/CO2 yield of 
lignin alone from the H2Bioil process. 
In comparing the product distribution between the NREL standard poplar and the 
717-Bark CDL residue as done above, a crucial step is overlooked.  The products and 
carbon extracted in the CDL process must also be factored into the analysis if we are to 
compare the H2bioil process and the combined CLD & H2Bioil process.  An estimate of 
the adjusted carbon yields for the combined process can be calculated using the 
information from Parsel et al. and carbon analysis on the 717 Bark CDL sample. 
Using the carbon analysis of the 717-Bark CDL sample from Galbraith (shown it 
table 12), and the product analysis from the supplementary information given by Parsell 
et al., the carbon recovered in each phase of the combined CLD/H2Bioil process was 
determined.  Approximately 50% of the initial carbon is extracted to the organic phase, 
with ~17% of this being DHE and DMPP.  The other ~32% of the aqueous phase is 
unidentified products and methylparaben.  7% of the total carbon is recovered in the 
aqueous phase as soluble sugars, mostly glucose.  This leaves 43% of the total carbon as 
solid residue that is fed to the H2Bioil process.  Thus the above product distributions 







table 8, in appendix A.  After the weighting, the total desired product yield of 
hydrocarbons is approximately 46%, down from 54% in the stand-alone H2Bioil process.  
Due to losses during the CLD process, the combined CLD/H2Bioil process does not 
increase the carbon recover.  However, it is useful to note that lignin may not be entirely 









CHAPTER 6.  FUTURE DIRECTIONS FOR BIOMASS CONVERSION TO LIQUID 
FUELS VIA THE H2BIOIL PROCESS 
6.1 Optimization of H2Bioil Carbon Efficiency 
The H2Bioil process as an estimated maximum carbon efficiency of around 75%, yet 
only ~40% is achieved currently.  This discrepancy can be overcome by optimization of 
three distinct parts of the H2Bioil process: process operating conditions, introducing new 
chemistry, and improving the catalysts used for upgrading reactions.  By improving each 
of these aspects of the process we may be able to reach the full potential of the H2Bioil 
process. 
6.1.1  Optimization of Process Conditions 
In chapter 4, it was discussed that both the temperature of the FHP and HDO 
sections of the cyclone reactor can be further optimized to improve carbon efficiency.  
The experiment presented is evidence for this, but does not represent an exhaustive or 
systematic optimization.  Further optimization experiments should be done in a more 
systematic manner to provide further understanding of the FHP and HDO processes.  
Furthermore, it may also be possible to optimize heat transfer in the cyclone more by 
altering the total system pressure.  Venkatakrishnan previously investigated 54 bar and 27 
bar total pressure, and found that the pyrolysis produces much more CO, CO2, and char 
at 54 bar[35].  This is attributed to adversely affecting the gas velocity in the cyclone, 







the wall.  Particles not in contact with the wall will have slower heating rates, and thus 
may not pyrolyze optimally.   
6.1.2 Carbon-Carbon Bond Formation 
After hydrodeoxygenation, the next challenge for upgrading bio-oils in the 
H2Bioil process is the formation of carbon-carbon bonds.  Around 20% of the products 
from the cyclone reactor are in the form of C1-C3 hydrocarbons that are not useful as 
liquid fuels.  In order to combat this problem, it may be possible to upgrade bio-oil 
compounds in the vapor phase before they are deoxygenated.  This allows for the many 
different functionalities such as aromaticity, ethers, and alcohol groups to be utilized for 
their reactivity.  The most promising candidate reaction for the H2Bioil process is aldol 
condensation, which takes advantage of the aldehyde groups present on products such as 
glycoaldehyde, which is produced as a major product from the FHP of cellulose[35].  
Many research groups study carbon-carbon bond formation via aldol condensation using 
model compounds.  Preliminary experiments for development of a catalyst for the 
H2Bioil process have been performed with butanal as a model compound over a 
Cu/Al2O3 catalyst.  These experiments will not be discussed here. 
Other reactions such as Diels-Alder or Friedel-Crafts acylation may not work due 
to the lack of olefins, and hinderance by functional groups on the aromatic rings of lignin, 
respectively.  Another possible reaction to re-use carbon lost to the vapor phase in the 
FHP step is hydroformylation.  However, hydroformylation may not be effective unless 
decarbonylation during the HDO step is reduced drastically and may not be effective at 







6.1.3 Reduction of Decarbonylation 
The currently used PtMo catalyst produces a large amount of CO and CO2 during the 
HDO step in the cyclone reactor.  Some CO and CO2 are produced from the FHP 
process, but this amount is at least doubled in the HDO step with PtMo.  The discovery of 
new catalysts that can reduce the amount of carbon lost to permanent gases will greatly 
help increase the carbon efficiency of the H2Bioil process. 
6.2 Investigation of Feedstock Effect on Process Performance 
Previous experiments show that the biomass feedstock can have a drastic effect on 
the FHP and HDO processes.  Due to the complexity, the easiest way to elucidate the 
effects of composition is to perform FHP and HDO of the pure components and physical 
mixtures of the constituents of biomass.  Pure cellulose is relatively easy to obtain and 
has been used in the cyclone reactor previously, but hemicellulose and lignin of the 
appropriate quality and quantity are not as easy to attain.  Some commercially available 
hemicellulose (linear xylan) compounds contain large amounts of small chain length 
oligomers and monomers, making them a poor model of hemicellulose.  Another 
interesting development that may improve understanding of how the composition of 
biomass affects the upgrading processes is the genetic modification of biomass.  
Professor Meilan’s group have have provided genetically modified Poplar samples for 
use in the cyclone reactor.  These samples include those with differing lignin 
composition, specifically high S-Low G samples, Low S-high G samples, and low 
S/hydroxy G samples.  It has been shown that different types of lignin can affect the 
product distribution of aromatics and olefins from upgrading of biomass[12].  It is 







well.  Through use of a mathematical model it may be possible to determine the effects 
that the biomass composition has upon the product distribution from the cyclone reactor.  
This requires the use of statistical models such as response surface analysis; factorial 
experiments cannot be used because the composition of the biomass feedstock is not an 
easy variable to tune and model compounds alone cannot replicate the complexity of 
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Appendix A Product Distributions from Cyclone Reactor Experiments 
Table 6: Summary of Experimental Conditions and Experiment Designations. 
 
 
Table 7: General Product Distributions for Cyclone Reactor Experiments.  All values are in carbon % of biomass fed. 
 
Experiment Designation Feedstock FHP Temp HDO Temp PH2 Total Pressure
62 Cellulose 480 300 25 ~27.5
65 BESC Poplar 480 300 25 ~27.5
77 Miscanthus 480 300 25 ~27.5
79 BESC Poplar 480 300 2.5 ~27.5
81 Cellulose 480 300 2.5 ~27.5
82 Miscanthus 480 300 2.5 ~27.5
86 BESC Poplar 460 275 25 ~27.5
99 717-Bark Poplar CDL 480 300 25 ~27.5
Experiment Designation 62 65 77 81 79 82 86 99
C4+ 55.01 ±2.8 32.13 ±1.6 38.78 ±1.9 40.86 ±2.0 23.06 ±1.2 32.83 ±1.6 43.83 ±2.2 41.52 ±2.1
C1-C3 17.54 ±0.9 21.59 ±1.1 13.36 ±0.67 15.24 ±0.76 12.10 ±0.61 14.15 ±0.71 24.10 ±1.2 26.12 ±1.3
Liquid 0.86 ±0.04 0.35 ±0.02 0.80 ±0.04 0.04 ±0 0.47 ±0.02 0.30 ±0.01 0.11 ±0.01 0.38 ±0.02
Char 3.42 ±0.2 28.54 ±1.4 28.36 ±1.4 4.14 ±0.21 29.78 ±1.5 23.69 ±1.2 23.11 ±1.2 29.10 ±1.5
CO 15.60 ±0.8 9.59 ±0.48 7.39 ±0.37 28.20 ±1.4 19.25 ±0.96 20.58 ±1.0 13.37 ±0.67 6.58 ±0.33
CO2 1.96 ±0.01 2.75 ±0.14 2.32 ±0.12 6.33 ±0.32 6.04 ±0.3 9.77 ±0.49 5.35 ±0.27 1.31 ±0.07















Table 9: Detailed Gas Phase Product Distributions for Cyclone Reactor Experiments.  All values are in carbon % of biomass fed. 
 
Experiment Designation 62 65 77 81 79 82 86 99
CO 15.6 ±0.78 9.59 ±0.48 7.39 ±0.37 28.2 ±1.41 19.25 ±0.96 20.58 ±1.03 13.37 ±0.67 6.58 ±0.33
CO2 1.96 ±0.1 2.75 ±0.14 2.32 ±0.12 6.33 ±0.32 6.04 ±0.3 9.77 ±0.49 5.35 ±0.27 1.31 ±0.07
CH4 5.29 ±0.26 9.78 ±0.49 4.76 ±0.24 3.87 ±0.19 4.45 ±0.22 4.35 ±0.22 8 ±0.4 10 ±0.5
C2 6.05 ±0.3 6.86 ±0.34 4.62 ±0.23 5.15 ±0.26 4.38 ±0.22 5.38 ±0.27 9.46 ±0.47 8.92 ±0.45
C3 6.19 ±0.31 4.95 ±0.25 3.97 ±0.2 6.23 ±0.31 3.27 ±0.16 4.41 ±0.22 6.64 ±0.33 7.21 ±0.36
C4 8.16 ±0.41 5.73 ±0.29 5.06 ±0.25 9.38 ±0.47 3.43 ±0.17 4.07 ±0.2 7.14 ±0.36 7.31 ±0.37
C5 16.19 ±0.81 6.54 ±0.33 8.32 ±0.42 14.11 ±0.71 3.69 ±0.18 5.22 ±0.26 9.43 ±0.47 14.43 ±0.72
C6 23.24 ±1.16 4.92 ±0.25 6.22 ±0.31 10.54 ±0.53 2.63 ±0.13 3.77 ±0.19 8.33 ±0.42 13.49 ±0.67
C7 1.89 ±0.09 2.75 ±0.14 3.75 ±0.19 1.13 ±0.06 1.1 ±0.06 1.77 ±0.09 4.73 ±0.24 2.1 ±0.1
C6 Aromatic -- -- -- -- -- -- 0.86 ±0.04 1.17 ±0.06 1.53 ±0.08 0.89 ±0.04 0.27 ±0.01
C8+ 5.54 ±0.28 12.19 ±0.61 15.44 ±0.77 3.4 ±0.17 3.63 ±0.18 7.66 ±0.38 14.2 ±0.71 4.2 ±0.21
C7 Aromatic -- -- -- -- -- -- 0.36 ±0.02 0.63 ±0.03 0.85 ±0.04 0 ±0 0.37 ±0.02
C8 Aromatic -- -- -- -- -- -- 1.09 ±0.05 3.16 ±0.16 5.42 ±0.27 2.56 ±0.13 0.34 ±0.02
C9 Aromatic -- -- -- -- -- -- 0 0 3.62 ±0.18 2.53 ±0.13 1.07 ±0.05 0 ±0







Table 10: Re-normalized Gas Phase Product Distributions from Cyclone Reactor Experiments.  All values in carbon % of gas phase 
products produced. 
 
Experiment Designation 62 65 77 81 79 82 86 99
CO 17.31 ±0.87 14.52 ±0.73 11.94 ±0.6 31.11 ±1.56 31.84 ±1.59 26.61 ±1.33 14.66 ±0.73 8.6 ±0.43
CO2 2.17 ±0.11 4.16 ±0.21 3.76 ±0.19 6.98 ±0.35 9.99 ±0.5 12.64 ±0.63 5.86 ±0.29 1.71 ±0.09
CH4 5.87 ±0.29 14.8 ±0.74 7.7 ±0.39 4.27 ±0.21 7.36 ±0.37 5.62 ±0.28 8.78 ±0.44 13.07 ±0.65
C2 6.72 ±0.34 10.39 ±0.52 7.47 ±0.37 5.68 ±0.28 7.24 ±0.36 6.96 ±0.35 10.38 ±0.52 11.65 ±0.58
C3 6.87 ±0.34 7.5 ±0.37 6.43 ±0.32 6.88 ±0.34 5.41 ±0.27 5.71 ±0.29 7.29 ±0.36 9.42 ±0.47
C4 9.06 ±0.45 8.67 ±0.43 8.18 ±0.41 10.35 ±0.52 5.68 ±0.28 5.27 ±0.26 7.83 ±0.39 9.56 ±0.48
C5 17.97 ±0.9 9.9 ±0.5 13.45 ±0.67 15.57 ±0.78 6.1 ±0.3 6.75 ±0.34 10.34 ±0.52 18.85 ±0.94
C6 25.79 ±1.29 7.45 ±0.37 10.05 ±0.5 11.63 ±0.58 4.36 ±0.22 4.88 ±0.24 9.13 ±0.46 17.63 ±0.88
C7 2.09 ±0.1 4.17 ±0.21 6.06 ±0.3 1.25 ±0.06 1.82 ±0.09 2.29 ±0.11 5.19 ±0.26 2.74 ±0.14
C6 Aromatic -- -- -- -- -- -- 0.95 ±0.05 1.93 ±0.1 1.98 ±0.1 0.98 ±0.05 0.35 ±0.02
C8+ 6.15 ±0.31 18.45 ±0.92 24.96 ±1.25 3.75 ±0.19 6 ±0.3 9.91 ±0.5 15.57 ±0.78 5.49 ±0.27
C7 Aromatic -- -- -- -- -- -- 0.4 ±0.02 1.04 ±0.05 1.1 ±0.05 0 ±0 0.49 ±0.02
C8 Aromatic -- -- -- -- -- -- 1.2 ±0.06 5.23 ±0.26 7.01 ±0.35 2.81 ±0.14 0.44 ±0.02







Appendix B Char and Liquid Phase Product Analysis 
Table 11: Aqueous Phase Product Analysis from Cyclone Reactor Experiments.  All values in weight percent. 
 
Note: Aqueous phase carbon analysis for experiment 82 was estimated using the values from experiment 77, and those for experiment 
99 were estimated using those from experiment 62. 
Table 12: Elemental analysis of bio-char from cyclone reactor experiments. 
 
Note: Char carbon analysis for experiment 99 was estimated using the values from experiment 62. 
 
 
Experiment Designation 62 65 77 81 79
KF water content 91.18 97.24 99.57 91.18 99.41
C wt% 2.15 1.09 1.16 1.09 1.41
H wt% 11.34 11.75 11.76 11.75 12.48
O wt% 86.51 87.16 87.08 87.16 86.11
Experiment Designation 62 65 77 81 79 82 86
C wt% 80.87 76.27 67.725 70.96 73.24 62.06 71.05
H wt% 3.62 3.65 3.32 4.103 3.11 -- --







Appendix C Ultimate Analysis of Biomass Feedstocks 









Appendix D Cyclone Reactor Standard Operating Proceedure 
Reactor Turnaround 
 Dissasembly 
1. Cool the reactor: Turn off all heating and wait overnight for the reactor to cool.  If 
possible remove insulation or open insulating jackets to assist with cooling 
2. Detach the reactor from the stationary framework within the hood 
a. Disconnect the VCR inlet 
i. Leave the inlet open so air diffuses to the catalyst for at least 20 
minutes (be much more careful for Molly-Carbide or other 
pyrophoric catalysts 
b. Disconnect the VCR pressure relief 
c. Detach the power cables 
d. Detach the thermocouples 
e. Detach the 80/20 bracket that connects the mobile reactor framework to 
the stationary framework inside of the fume hood 
f. Detach the grounding wire 
g. Move the cyclone reactor mobile framework out of the fume hood 
i. Double check the thermocouples, power cords, and VCR fittings 
before moving the framework! 
3. Disassemble the reactor for cleaning 
a. Remove the insulation and insulating jackets 
b. Remove the ceramic heater 
c. Unscrew the condenser bolts and place the condenser on the ring stand 
within the fume hood 
d. Unscrew the reactor bolts, followed by the mounting tabs.  Then place the 
reactor upright within the fume hood 
e. Unscrew the char collector bolts and collect the char from within by using 
the handheld vacuum. (tare the bag and weigh the char for mass balance) 






1. Clean the HDO reactor and condenser in preparation for the next experiment 
a. Unload the catalyst and quartz wool from the previous experiment.  In 
addition, ensure that the catalyst screen is clean. 
b. Flush the reactor and condenser with ethanol.  Clean the reactor until the 
ethanol that comes out is no longer black (or yellowish in the case of the 
condenser) due the presence of the nanotube catalyst (oxygenates in the 
case of the condenser) 
c. Set reactor and condenser out to dry; alternatively, dry with air from the 
fume hood. 
d. Clean the flange surfaces with brass (to avoid damaging the flange 
surfaces) brushes (Flanges: two on the HDO reactor, one on the 
condenser, one on the connector, one on the char collector, and one on the 
bottom of the cyclone unit) until no more graphite or mica remains in the 
grooves. 
e. Repeat steps b,d, and d for the condenser. 
2. Collect char from previous experiment 
a. Weigh 3 beakers and label them with their weight. 
b. Label one beaker each for the flange, body, and inlet char. 
c. Remove the char collector flange. 
d. Collect the char from the flange and weigh it. 
e. Use the char collection tools to remove char from the cyclone body and 
weigh it. 
f. Remove any char or clog from the inlet and weigh this as well. 
g. Prepare a vial with the lab book name to send char to galbraith.  The char 
analyzed should be from the cyclone body. 
h. Use your best judgement to guess if there is any unreacted biomass in the 
char that was collected and enter these values appropriately in the data 
analysis spreadsheet. 
3. Wash the FHP reactor and connector with ethanol 






b. Place a beaker below the char collector flange and place a support below 
the connector outlet with a second beaker. 
c. Hook up the outlet of the peristaltic pump to the cyclone inlet and start the 
flow of ethanol. 
d. Collect ethanol from the bottom of the FHP reactor until it no longer 
comes out grey. 
e. Turn off the peristaltic pump and plug the char collector flange with the 
rubber stopper with attached valve. 
f. Turn on the pump again to flush ethanol through the connector piece.  
Once again, wait until the ethanol coming out is no longer grey, and then 
stop the pump. 
g. Open the valve on the rubber plug to drain the cyclone body slowly. 
h. Wait until the ethanol has drained and dispose of the liquid waste 
appropriately. 
i. Disconnect the peristaltic pump and wait for the reactor to dry 
4. Clean bolts and lubricate them for reactor reassembly 
a. Use a stainless steel brush to clean the lubricant residue off of the bolts 
and nuts from the HDO reactor and char collector (see below for a 
comparison of clean and dirty bolts) 
b. After the bolts are clean apply a very thin layer of nickel lubricant to the 
bolts, nuts, and washers (see below for a comparison of clean and 







Figure 8: A new, clean cyclone reactor bolt. 
 
Figure 9: A properly lubricated cyclone reactor bolt. 
 Reactor Packing 
1. Pack the catalyst bed for the next experiment 
a. Calculate the amount of catalyst needed for complete conversion based on 
results from the fixed bed reactor (notes?) 
b. Ensure that only one catalyst screen is loaded.  Check for clogging or 
punctures in the screen.   
c. Connect the bottom reactor thermocouple (stainless steel gasket for high 
temperatures!) (fingertight only) 






e. Load the appropriate amount of catalyst into the reactor, on top of the 
catalyst screen 
f. Connect the top reactor thermocouple (stainless steel gasket for high 
temperatures!) (fingertight only) 
g. Load 0.1 g of quartz wool above the catalyst bed 
h. Pack a small amount of quartz wool above the HDO flange in the 
connector (~0.1 g) 
 Reactor Assembly 
1. Assemble the reactor, condenser, and char collector 
a. Place the reactor on the 80/20 framework and align it with the connector 
b. Place a gasket on top of the reactor flange (½ inch gasket) 
c. Place the bolts into the HDO reactor top flange.  The bolts and washers 
should be oriented with the numbers facing outward. 
d. Align the gasket and then tighten a single bolt (finger-tight) to keep it in 
place.  (see below for an example of a properly aligned gasket 
 







Remember to use the mica sides of the gasket as an alignment reference, 
not the stainless steel disc on which the graphite and mica are deposited.   
e. Tighten the HDO thermocouples before tightening the HDO flange bolts 
i. The thermocouples should form a “V” shape when tightened, so 
rotate them 45˚ counterclockwise from this position, and then 
tighten the VCR fitting 1/8 turn (45˚) to seal on the stainless steel 
gasket. 
f. Tighten the remaining bolts to finger-tight before using the torque wrench 
g. Use the torque wrench to tighten the HDO and char collector bolts.  (on 
the char collector the torque wrench must be used on the bottom of the 
flange to avoid fraying the heating tape further)  This must be done in a 
star pattern and by using the specified levels of torque.  Do two passes at 
each level of torque.  (See the table and diagram below.  All torque values 
are in ft-lbs)  Start by using the mechanical torque wrench for the first 3 
levels of torque (up to 15 ft-lbs).  Use the electronic torque wrench for the 
remaining levels.  It is necessary to stabilize the mobile reactor frame 
when at higher levels of torque so that it does not move while the bolts are 
being tightened. 
i. Operation of the torque wrenches:  when using the mechanical 
torque wrench, the deflection of the top beam corresponds to the 
amount of torque applied.  Turn the nut until the beam reads the 
level of torque desired, and then stop.  While using the torque 
wrench on the char collector, it must be used to turn the bottom 
nuts.  A mark has been placed on the bottom side of the wrench 
corresponding to 15 ft-lbs. 
ii. When using the electronic torque wrench(15 ft-lbs or higher) set 
the torque by pressing the “Memory” button and using the up and 
down arrows to change the torque value, then press memory once 






when the set torque is reached.  Soon afterward the wrench will 
read the actual torque applied.  When this happens press “memory” 
once to reset.  Now the wrench is ready to be used again.  Note: 
sometime if the wrench is reset and then used again too fast, the 
beep will not register and higher torque than desired may be 
applied. 
 
Figure 11: Star shaped bolt tightening pattern. 
 
Table 14: Flange torque levels.  All values in ft-lbs. 
Flanges Lvl 1 Lvl 2 Lvl 3 Lvl 4 Lvl 5 Lvl 6 Lvl 7 Lvl 8 Lvl 9 Lvl 10 
HDO 5 10 15 22 32 42 52 62 72 82 
Char 
collector 
5 10 15 25 35 45 55 65 - - 
 
h. When the final torque level is reached, do two chaser passes around the 
bolts in a circle to ensure the bolts are tightened evenly. 
2. Tighten the char collector blind flange (3/4 inch gasket) 
3. Load the biomass hopper 
a. Lubricate the shafts to the biomass feeder shelf with 3-in-1 oil, plug in the 
actuator, and lower the shelf.  WARNING: The reactor frame should be 
removed completely from the fume hood and the Swagelok connection for 






b. Tare the bottle of dried biomass to measure the amount added to the 
hopper. 
c. Remove the copper gasket from the previous experiment 
d. Add the stainless steel balls to the hopper, starting with the biggest and 
ending with the smallest. (To avoid getting the balls stuck in the screw 
feeder, even though this should not be a problem due to the size of the 
balls.) 
e. Overturn the biomass jar onto the hopper quickly.  This reduces the 
amount of biomass lost outside of the hopper. 
f. Tare a bag for the handheld vacuum and vacuum up the lost biomass.  
(usually around 0.2 or 0.1 g) 
g. Ensure the knife-edge of the flange is clean and place a new Conflat (CF) 
copper gasket on the flange.  Replace the lid of the hopper and tighten 
using the star pattern until the metal surfaces of the flange almost touch. 
(around 10 times rounds of turning each bolt 1/8 turn) 
4. Raise the biomass feeder platform so that the mobile 80/20 frame can be inserted 
into the hood 
5. Warning: Unplug the actuator so that the biomass hopper shelf cannot move 
accidentally 
6. IMPORTANT: check that cylinder pressure is high enough that additional 
cylinders do not need to be ordered.  Order immediately if needed. 
GC Cylinder takes ~ two weeks to deliver.  GC uses ~ 50 psi for entire 
experiment day.  GC on standby uses ~200psi per week. 
 Final Assembly 
1. Place the connector insulation on top of the connector tube 
2. Make sure the heating tape on the HDO is wrapped properly, and check the 
heating tape resistances, and electrical isolation.  (The heating tape filament 
should not be in electrical contact with the reactor, or any other heating tape.) 
3. Move the mobile 80/20 framework into the hood (be careful not to bend any 






4. Place gaskets in all unconnected VCR fittings, and assemble the liquid traps, 
inlet, and outlet connections 
a. Connect the pressure relief line first so that the other connections 
become aligned 
b. Place the 2nd trap in its dewar behind the condenser and connect it to 
the hanging Swagelok connector 
c. Place the outlet connector (outlet, then inlet) 
d. Place the condenser-1st trap connector 
e. Place the 1st trap (inlet, then outlet)  (the trap must be placed in such a 
manner that it has room to rotate slightly during VCR tightening) 
f. Depressurize the biomass hopper and place the inlet (in X,Y,Z order) 
5. Silver goop can be used to lubricate any downstream VCR connections 
(optional). 
6. Tighten VCR fittings in the same order they were placed 



















Table 15: Thermocouple and power cable designations. 
Thermocouple # Thermocouple 
Location 




0 Inlet  0 Inlet Preheater 
1  1 Cyclone Body 
2  2 Cyclone Flange 
3  3 Connector 
4  4 HDO Tape 
5  5 Unused 
6 Connector Jacket 6 Unused 
7 Connector Outlet External Variac Ceramic Heater 
8 HDO Top External Variac HDO Jacket 
9 (external) HDO Heater   
10 HDO Cat bed   
11    
12 After Condenser   
13 (external) 2nd Trap dewar   
14 2nd Trap   
15 Ceramic heater   
 
8. Connect the grounding wire to the HDO reactor 
9. IMPORTANT: Check the flexible tubing that biomass is fed through to the 
inlet.  This tube must not have any kinks that will obstruct biomass flow. 
10. Note: The Coalescing filter can be placed instead of the condenser connector, 
if low conversion is expected (must run a long experiment for the filter to 












 Pressure Test (the pressure test should be done during business hours.  After business 
hours the temperature of the building may change and cause pressure readings in the 
reactor to fluctuate.  Weather can also have a similar effect.) 
Check all cylinder pressures BEFORE pressurizing and doing experiment and order more 
if needed. 
1. Check all cylinder pressures to see that the pressure is adequate. 
2. Open the MFC inlets and the outlet stop valve 
3. Raise the pressure to 10 bar using only Helium at 1 SLPM (always set the 
backpressure regulator 0.5 to 1 bar below the intended pressure)  (Always reduce 
gas flows before changing the backpressure regulator setting) 
4. Close the Helium MFC and the outlet stop valve.  Monitor the pressure for at least 
10 minutes to ensure that no large leaks are apparent.  (a leak during this time 
means that a fitting was not connected, or that the outlet valve was not closed) 
5. If the pressure remained stable over 10 minutes, raise the pressure to 30 bar and 
close the MFC, followed by the outlet stop valve.  (always set the back pressure 
regulator 0.5 to 1 bar below the intended pressure) 
6. The pressure should be monitored over the course of one or two hours (stabilize 
then monitor for 30min, not 1 hr absolute) to determine if any leaks are present or 
not. 
7. Double check all fittings and flanges with snoop.  Be careful not to drip snoop 
onto electronics. 
8. Pressure checks for gas lines after the shutoff valve 
a. Create a new labview file 
b. Find the .TDMS file and place it in the experiment folder on the cat drive 
c. Check the pressure drop rate after the shutoff valve is closed (P transducer 
2) 
d. Check the pressure drop rate after opening the shutoff valve (P transducer 
2) 






9. Depressurize to 10bar and isolate the system (close MFCs and shutoff valve) 
before leaving the lab (The reduction is done at 10 bar, and the biomass may 
compact at the high pressures, which will inhibit smooth flow into the reactor. 
Pre-reaction Preparation (Night before Reaction) 
 Computer Prep 
1. Restart the LabVIEW computer 
2. Turn on the WIFI and start teamviewer 
3. Turn on Channels 2 and 3 on the LabVIEW brain 
 Insulate the Reactor and Final Preparation 
1. Place the ceramic heater on the cyclone pyrolysis section 
a. The smaller piece with the cutout goes on the back of the cyclone (the 
cutout is for the inlets/outles and thermocouple ports). 
b. Push the larger ceramic piece up so that it fits snugly before clamping. 
c. The top clamp is placed between the thermocouple ports, the bottom 
clamp is placed below them both. 
d. Check resistance and connectivity of the ceramic heater 
2. Place the heating jackets for the HDO on carefully 
a. Insert below condenser on the left hand side and slowly bring it up and 
around to each part of the HDO 
b. Place the top jacket (HDO top flange) on the 80/20 frame to hold 
while placing the jackets alone 
c. Before closing the HDO catalyst bed jacket, place a thermocouple 
inside 
d. Connect the chiller tubes to the condenser such that flow of coolant is 
counter-current to the flow of reaction gasses.  (attach the outlet tube 
of the chiller to the bottom of the condenser, and the inlet tube to the 
top of the condenser) (the top condenser fitting may be hard to attach 






e. When finished, check the electrical resistance and continuity of the 
jacket and close the jacket up. 
3. Fill in gaps in the heating jackets with insulation strips.  Place the darker 
insulation where the temperature will be highest, and the white pieces where 
the temperature will be lower.  (dark pieces up to 700 ˚C, white up to 600 ˚C)  
Make sure the gaps surrounding the ceramic heater are filled so that the 
cyclone inner wall is able to hold temperature. 




 Reduction and Heating 
1. Heat the Cyclone flange and connector in the morning (to 425 ˚C and 375 ˚C 
respectively) 
2. Check all Swagelok connections, power cables, and thermocouples 
3. Purge hopper with nitrogen 1.2 slpm and 10bar (open hopper valve slightly to do 
this) before opening the hydrogen MFC 
4. Purge reactor with helium 0.5 slpm and nitrogen 1.2 slpm 
5. Catalyst Reduction 
a. Start hydrogen flow at 0.5 SLPM, He 1 SLPM, N2 1.2 SLPM 
b. Start heating the reactor slowly on manual control using the HDO reactor 
Controller.  Keep the heating rate at 5˚C per minute or lower until the bed 
reaches 450 ˚C.  Also start the HDO heating variac at this time. (keep 
nitrogen and helium at conditions above to ensure similar reduction 









Labview PID Parameters (not completely optimized, so use manual heating for 
temperature ramp) 
P = 5 
I = 2 
D = 0 
 
c. Ensure the pressure is at 10bar and maintain reduction conditions for 2 
hours. 
6. GC bakeout and setup (during catalyst reduction) 
a. From standby, load “cyrun_35” and switch off the flame and filament 
(FID and TCD detectors).  When the inlet reaches temperature (250 C), set 
the oven temperature to 200 C and wait for 2 hours 
b. After the two-hour bakeout, open the hydrogen and air cylinders and 
reload the “cyrun_35” method.  The detectors will automatically restart. 
c. Wait for the FID detector signal to reach a value lower than 20. 
d. Flush the sample loop with calibration gas. 
i. Open the calibration gas 
ii. Ensure the gas is flowing by use of the rotometer (use rotometer 
set point of 40-50) and checking with the digital flowmeter. 
e. Take a calibration run on the GC (Two runs) 
i. Calibration gas mixture: CO, CO2 1000 ppm, CH4 500 ppm, N2 
10%, Bal He 
7. Get dry ice for the  
8. Wait for catalyst reduction and GC bakeout to finish 
9. After the catalyst reduction is finished, lower the temperature of the catalyst bed 
to 300 ˚C from the 450 ˚C used for reduction. 
10. Turn on Preheater (heating tape) to 300 ˚C and the cyclone body controller 
(Heating tape inside the flange jacket) to 400 ˚C. 
11. Pressurize the reactor to 27 bar in preparation for the reaction using a low amount 






pressure regulator 0.5 to 1 bar below the intended pressure.  Always reduce gas 
flows before changing the backpressure regulator setting to avoid excess flow of 
gas from the reactor. 
 Pre-reaction 
1. Turn on the ceramic heater variac to a setting of ~15. 
2. Raise preheater to 500 ˚C, and the cyclone body to 540 ˚C. 
 High-Temperature Pressure Test 
a. Start a new labview file with 5000 ms data collection rate (labeled “Run”, 
this file includes the reaction) 
b. Ensure temperatures are stabilized 
c. Stop gas flows, Close the MFC inlets, and close the outlet stop valve. 
d. Check the pressure for 10 minutes.  The pressure should be stable. 
3. Turn on the chiller (condenser) flow with setpoint of 7 ˚C. 
4. When the thermometer alarm goes off (at 1 ˚C), idle the condenser by increasing 
the setpoint to around 10.  
5. After idling for a few minutes, change the setpoint to 5 ˚C (this is the final 
temperature the condenser should reach. 
6. Add dry ice to the decane trap and the 2nd liquid trap 
7. Check the pressures, temperatures, cylinder outlet pressures, and CO/H2 detectors 
in preparation for running the reaction. 
 Reaction 
1. Flow 2.5 SLMP of nitrogen as an internal standard for the GC.  The hydrogen 
and helium flowrates should be determined based on the type of experiment 
that is desired. 
2. Change the rotameter valve to flow reaction gas through the GC loop 
3. Run a blank injection on the GC (stop the run after the nitrogen shows up on 
the GC) 







5. Double check the temperatures and pressures (especially the condenser and 
trap temperatures) 
6. Plug in the screw feeder 
7. Update the biomass flow  
8. Double check temps, pressures, pressure drop 
9. Start biomass flow to begin the experiment (this is the point of no return.  If 
the biomass flow is started, the reactor will need to be cleaned again before 
attempting another reaction.) 
10. Look for biomass flow on the camera around 2 minutes after the flow starts 
(record the time) 
11. Manually adjust set points on (HDO reactor controller, cyclone body 
controller) to keep the HDO at 300 ˚C and the cyclone inner wall at 480 ˚C 
during the reaction 
12. Start the GC at around 10 minutes into the reaction (10 mins after biomass 
starts flowing) 
13. Start 2nd GC run at 45 minutes (GC must cool to 35 ˚C following the first run) 
(this assumes a GC run time of 24.5 min, if you are looking for aromatics the 
GC run time is 42 mins and the 2nd run will be later at 62.5 mins) 
14. Don’t stop the reaction (biomass flow) until run time of 60 mins. 
15. After 60 mins of run time, turn off biomass flow, unplug biomass feeder, turn 
off vibrator, turn off hydrogen flow, turn off nitrogen flow and purge with 
inert (see Postreaction) 
16. After the GC is done, close the air and hydrogen feed to the GC and switch 
the method to standby. 
 Postreaction (immediately following reaction) 
1. Switch to flow inert only through the reactor 
2. Slowly reduce the pressure in the system  to around 1.2 bar of inert 
3. Prepare labels for the aqueous phase recovered 






4. Unplug the screw feeder 
5. Open the liquid phase traps, starting with the 1st trap. 
6. Collect the liquid in the traps with a plastic pipette.  
a. Set aside 0.1 g for analysis by Galbraith.  Put the rest in a separate vial 
b. Seal the vials with parafilm and keep them in the fridge. 
7. Clean the liquid traps by ethanol wash and remove the remaining Teflon tape 
from the NPT fitting 
8. Measure the weight of the molecular sieve, quartz wool, and cotton wool from the 
traps.  Record it in the lab notebook. 
 
Catalyst Synthesis 
Materials needed: weighing paper, nanotubes, Pt precursor, pipet, beaker, spatula, mortar 
(the bowl part) & pestle, glass stirring rods (2). 
1. Make the Pt solution by measuring out the appropriate amount of water and pt 
precursor.  (use the spreadsheet on the cat drive to determine these quantities) 
2. Stir the solution to facilitate dissolution 
3. Measure the nanotubes into the bowl (use aluminum foil on the bowl to prevent 
nanotube dust from forming) 
4. Ensure the Pt solution is fully dissolved 
5. Use the pipet to slowly drop the Pt solution onto the nanotubes, stir to break 
clumps in between pipetting the solution onto the tubes. (drop one pipet full of 
solution, then stir.  Continue until the solution is gone)  go slowly at first, you can 
increase the speed of dropping the solution as you add more 
6. Place the tubes into an oven at 60˚C overnight (at least 12 hours) 
7. Break the clumps with the mortar and pestle 
8. Follow steps 1-6 again but with Molly instead of Pt 
9. Place the catalyst in an oven once again but at 150˚C 
10. Place in reduction oven.  5-10% H2 in He.  Ramp to 450˚C at 4˚C per minute.  







 1st Trap 
The first trap is the longer tube, and is at room temperature. 
1. Clean the Teflon tape off of the NPT fittings 
2. Check that the trap has been cleaned 
3. Place one ball of cotton wool in the top of the trap around the bore-through tube.  
Place approximately 0.1 gram of quartz wool after the cotton wool. 
4. Put 4-5 rounds of Teflon tape on the NPT fitting and tighten it as much as 
possible by holding the trap in a vice (use the vice only on the flat sides of the 
fitting) and using the appropriate wrench to tighten. 
 2nd Trap 
The first trap is the shorter of the two, and is cooled with dry ice during the reaction. 
Same as above, except 3-3.5 grams of molecular sieve should be placed before the 
cotton wool. 
Warning: be careful not to let the molecular sieve spill into the bore through 
fitting on the top of the trap. 
Data Analysis 
 Labview Data 
1. Log into the Chemstation computer (password: 12345, may need to press 
ctrl+alt+del twice to see login screen) 
2. Transfer the labview file to the computer and convert it to .XLS (or anything 
readable in excel without the TDMS plugin) 
3. Calculate the average pressures, temperatures, and the reaction time (time during 
which screw feeder was on) and copy these into the Experimental Summary excel 
file template. (in the experimental  summary file, green cells are calculated 
number, and yellow represents inputs from reaction data.) 
4. Measure the actual amount of biomass fed during the reaction.  Use this quantity 







 GC Data 
The GC has an FID for hydrocarbon analysis, and a TCD for analysis of the permanent 
gasses.  The GC uses a GS GasPro column (for which detector? They each have their 
own column) 
1. Use the GC peak integrations Excel file as a template for storing integrated GC 
peak areas.  Update file with new experiment information. 
2. Open MSD chemstation>instrument #1>GC MS Data analysis 
3. Note that we have 5 GC files to analyze runs 01, 02 are calibration runs, run 03 is 
a reactor blank, and runs 04, 05 are experimental data. 
Note: File>edit file info> view info    will show the info associated with the GC run 
Note: File> select signals    can choose to load TCD or FID data individually 
TCD File Analysis 
1. Select only the TCD file 
2. Define a peak by right clicking and dragging at the bottom of the peak. 
3. Select the CO2, CO, CH4, N2, H2 peaks in the TCD spectrum. 
4. After selecting peaks click Chromatogram>integration results 
5. Close the FID 
6. Copy the TCD data and paste it into the template mentioned earlier 
7. Do this for all five GC runs 
Calibration analysis 
1. Select only FID for both calibration runs 
2. Tools> overlay chromatograms  can select both calibration runs 
3. Click process 
4. Choose which to use as a background (you may need to try both) 
5. Double click the file you wish to use as the background. Enter “x=r0” in the 
command line, click enter 
6. Go to the data you wish to process.  Select FID only. 






8. Type “subtract suppress:, hit enter 
9. Set r0=x to set subtracted spectrum to x 
10. Now input 2,r0 in the command line, hit enter 
11. Copy and paste the integration results into the GC data spreadsheet 
Note: Can use “zoomout 2” to zoom out of the spectra 
FID analysis 
1. Select the FID spectrum only 
2. Define the hydrocarbon peaks 
3. After selecting peaks click Chromatogram>integration results 
4. Close the TCD 
5. Copy the FID data and paste it into the template mentioned earlier 
6. Do this for all five GC runs 
Galbraith char and bio-oil analysis 
1. Collect the bio-oil and bio-char 
2. Fill out the Galbraith Request for Analysis form 
a. Bio Oil sample 
i. Karl fisher 
ii. Carbon (> 0.5%) 
iii. Refrigerate 
b. Bio Char Sample 
i. Carbon (> 0.5%) 
3. Fill out the Hazardous Material Shipping Request form 
4. Arrange with the chemistry shipping office to ship the samples 
5. The samples should be shipped on or before Wednesday of a given week so that 
the bio-oil does not stay unrefrigerated for the weekend. 
6. The bio char and bio oil elemental analysis should be pasted into their respective 
tabs in the experimental summary excel sheet. 
 
 
